Due to lack of observational studies on greenhouse gases in Malaysia, most studies in this field were carried out based on ground station data. These studies did not utilize satellite data from the equatorial area. Satellite remote sensing is one of the most effective approaches for greenhouse gas distribution monitoring on a global scale. As such, satellite remote sensing exhibits a very high spatial and temporal resolution. Variations of ozone concentrations in Peninsular Malaysia were observed and investigated by means of data retrieved from the Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY). The aim of this study was to determine the monthly and seasonal ozone concentrations in Peninsular Malaysia from January 2003 to December 2009. We utilized total column ozone at level 2 of the WFMD version 1.0. A spatial resolution value of 1°x1.25° was used. Analysis indicated that the five selected sites exhibited strong seasonal atmospheric ozone concentration variations. These variations resulted from the significant differences between the northeast monsoon (NEM) and the southwest monsoon (SWM). As the NEM prevails, cold air breaks out from Siberia and spreads to the equatorial region in the form of northeasterly cold surge winds. These winds manifest in low-level anticyclones over Southeast Asia. Inversely, the air masses from the southwest contribute to long-range air pollution. During SWM, the transport of atmospheric ozone by wind is associated with biomass burning in Sumatra, Indonesia. HYSPLIT was also utilized to identify the air pollutant transport between NEM and SWM toward Peninsular Malaysia. Comparisons were made between the ozone data from five sites in 2009. Data were retrieved from SCIAMACHY and the Atmospheric Infrared Sounder (AIRS). The relative difference average of the ozone data measured by SCIAMACHY and AIRS was approximately 6%.
Introduction
Increasing tropospheric ozone concentrations have received much attention because of their inherent capability of degrading air quality and causing hazardous human health and ecosystem effects (Freijer et al., 2002; Kim et al., 2004; Karnosky et al., 2007) . Ozone is the most important indicator of photochemical smog; it is a secondary pollutant that is formed in the presence of precursor compounds [volatile organic compounds (VOCs) and nitrogen oxides (NO X )] and sunlight (Pulikesi et al., 2006) . Most of VOCs are anthropogenic and the biogenic sources of VOCs are at least as important as anthropogenic ones. VOCs are emitted from various sources such as motor vehicles and other industrial sources. Ozone is also the most abundant photochemical oxidant in the troposphere (Solomon et al., 2000) . Ozone has the capability to oxidize other gases present in the atmosphere after the process of photolysis because of its very nature (Duenas et al., 2004) . Thus, many factors affect atmospheric ozone concentrations. These factors pertain to meteorological parameters (temperature, wind speed, humidity, solar radiation, wind direction, and precipitation), atmospheric chemistry, precursor emission concentrations, dry deposition, and turbulent mixing (Chatterton et al., 2000 ).
Ozone at the ground level is a harmful pollutant. In this state, ozone can damage human health, vegetation, and other living organisms. Ozone alters molecules and gradually destroys these entities (Shan et al., 2008) . Inversely, stratospheric ozone is consid ered good for humans and other living forms because it protects the biosphere from harmful ultraviolet radiation (Bracher et al., 2005) . Approximately 90% of atmospheric ozone is contained in the "ozone layer". This layer protects us from the harmful ultravi olet radiation resulting from sunlight. Stratospheric ozone absorbs all of the UV-C, and a large amount of UV-B (Bian et al., 2007) . The resulting increase of ultraviolet radiation on the Earth's surface is largely from ozone layer depletion. The depletion of ozone in this layer may cause high rates of skin cancer and eye cataracts. These diseases stem from the induction of chemical reactions between high-energy photons and exposed surfaces. In addition, excessive exposure to ultraviolet radiation can damage single-cell organisms, aquatic ecosystems, and terrestrial plant life (Jasim et al., 2010) . Hence, the ozone can be considered as a form of beneficial ultraviolet protection in the stratosphere; however, it remains harmful to human beings at the ground level (Lu and Wang, 2006) .
Climate change has become a hot issue of discussion. The abrupt shift in atmospheric global greenhouse gases influences climate change. Stratospheric ozone and tropospheric ozone have opposite effects on climate change. Stratospheric ozone can significantly enhance greenhouse effect with relatively small concentration shifts. This potential outcome results from the fact that ozone absorbs infrared radiation in the atmosphere (Shan et al., 2008) . Solar irradiation, aerosols, and greenhouse gases in the atmosphere are important climate control variables (Lau et al., 2009) . Greenhouse gases include water vapor, carbon dioxide (CO 2 ), methane (CH 4 ), ozone (O 3 ), and nitrous oxide (N 2 O). Ozone in the Earth's atmosphere contributes for 3-7% to greenhouse effect. Results from numerous previous research and investigations showed that the ozone concentration in the Earth's atmosphere is changing. A consensus was reached based on the increase of background levels. However, in recent decades, observations showed that a divergent global tropospheric ozone trend has emerged, and is most evident in the north hemisphere (Vingarzan, 2004; Zouzoulas et al., 2009 ).
Southeast Asia is one of the most heavily populated regions in the world. This region has a vibrant mixture of cultures. Aside from this fact, Southeast Asia greatly contributes to regional and global pollution (Jasim et al., 2011) . Anthropogenic emissions and biogenic emissions from large tropical forests increase pollution. Malaysia, a tropical Southeast Asian country, has undergone rapid economic development and urban expansion. In addition, trans portation facilities have increased fossil fuel consumption in the past few decades. As such, the establishment of these facilities has resulted in an increase in air pollutant emissions. The situation is most evident in industrial areas and cities. Malaysia is located in the equatorial region, so the country experiences humid tropical weather with heavy rainfall and high temperatures Mahmud and Kumar, 2008) . Thus, during the rainy season, cloud conditions become an obstacle in acquiring high-resolution satellite data.
The amount of ozone in the atmosphere is measured by instruments on the ground level (sparsely distributed measure ment sites). These instruments are thereafter set aloft on balloons, aircrafts, and/or satellites. Through ground and aircraft measure ments, observations are only limited to the surface. As such, measurements are more sensitive to sources and sinks. However, these same instruments are unable to make evaluations based on daily global variations (Clerbaux et al., 2003) . Satellite data acquired from remote sensing techniques have good spatial and temporal resolutions, as well as global area coverage (Tan et al., 2010; Tan et al., 2012) . Through this means of measurement, we enhance our ability to investigate the influence of human activities on atmospheric chemistry and climate change (Dousset and Gourmelon, 2003) .
Scanning Imaging Absorption Spectrometer for Atmospheric Chartography (SCIAMACHY) Instrument
SCIAMACHY is the first satellite instrument that can obtain measurements which are precise and sensitive to all greenhouse gases. This imaging means allows for the observation of altitude levels down to the Earth's surface (Schneising et al., 2008) . ENVISAT is involved in SCIAMACHY as part of the atmospheric chemistry payload of the third European Space Agency (ESA) Earth observation. ENVISAT flies at an altitude of 795 km above the surface of the Earth. The satellite is synchronous to the polar orbit and passes by the equator with a descending node at 10:00 am local time. One orbit takes about 100 min, for a total of 14.3 orbits per day. SCIAMACHY is a passive remote sensing instrument that measures reflected, scattered, and transmitted solar radiation in the atmosphere. SCIAMACHY comprises eight spectral channels between 240 and 2 380 nm at a moderate spectral resolution with values between 0.2 and 1.5 nm (Bracher et al., 2005) . Total ozone retrieval exists between 325 and 335 nm at a spectral resolution of approximately 0.2 nm. The extraordinary of SCIAMACHY as com pared with other satellites is based on the spectroscopic observa tions that alternate between nadir and limb viewing geometries. In terms of the total column ozone retrieved from SCIAMACHY, the effective spatial resolution varies from 30 km along track and from 30 km to 240 km across the track (Bovensmann et al., 1999) .
At the Institute of Environmental Physics (IUP) of the University of Bremen, Germany, scientists developed an algorithm called weighting function modified differential optical absorption spectroscopy (WFM-DOAS). This technology was developed to retrieve total column ozone SCIAMACHY nadir spectra (Stephens et al., 2007) . WFM-DOAS can directly retrieve vertical column ozone largely due to its vertically integrated ozone weighting functions. These functions are compared with ozone cross-sections of sunnormalized radiances . In addition, WFM-DOAS also considers slant column path length modulation as a wavelength function. The standard DOAS algorithm generally ignores this consideration.
Study Area and Methods
The study area of Peninsular Malaysia is located within latitudes 1° to 7° North and longitudes 99° to 105° East. Malaysia is located in Southeast Asia (south of Thailand, north of Singapore, and east of the Indonesian island of Sumatra). The area of Peninsular Malaysia is approximately 131 587 km 2 , with an esti mated population of 21 million (Tan et al., 2010) (Figure 1 ). The five selected sites are presented in Table 1 . Peninsular Malaysia experiences humid tropical climate throughout the entire year. Weather is generally warm and humid at temperatures ranging from 20 °C to 32 °C (Omar, 2009 ). The weather is largely affected by the mountainous topography and complex land-sea interactions. Intraseasonal and interdecadal fluctuations, such as the El Nino-Southern Oscillation (ENSO), Indian Ocean Dipole (IOD) and Madden Julian Oscillation (MJO), significantly influence the interannual climate variability of Malaysia. We derived the highest average temperature from the months of April to May and July to August. The occurrence of such temperatures in a particular location also helps to determine the highest average deviation. The lowest average monthly tempera tures occur from November to January. The mean monthly humidity in Peninsular Malaysia falls between 70% and 90%. Values vary because of the different locations and months (Ahmad and Yassen, 2005) . Peninsular Malaysia experiences two rainy seasons throughout the year. This season results from the effects of the northeast monsoon (NEM) from November to February and the southwest monsoon (SWM) from May to August (Wong et al., 2009) . Maximum rainfall occurs in most of the areas near the end of the year during the early NEM. The lowest monthly rainfall occurs in February and the highest monthly rainfall occurs in December (Varikoden et al., 2010) .
For investigation and analysis purposes, the ozone distribution over Peninsular Malaysia region was retrieved via SCIAMACHY on a daily basis for a chosen seven-year period. This research was carried out from 2003 to 2009. The average monthly ozone results in Peninsular Malaysia were generated. The data (SCIAMACHY WFM-DOAS version 1 level 2 products) acquired from WFM-DOAS were developed by the IUP, University of Bremen . The SCIAMACHY WFM-DOAS version 1 level 2 product contained the daily gridded data at a resolution of 1°x1.25°.
To evaluate and analyze ozone distribution over the study area, we selected five locations across Peninsular Malaysia. These locations included Bayan Lepas, Subang, Kuantan, Kota Bharu, and Johor Bahru. The average monthly ozone maps were retrieved using PCI Geomatica 10.1 image processing software. The averages were retrieved using the multiquadratic spline interpolation tech nique. The map of the study area was generated using Photoshop CS5 software. We were able to analyze the ozone data distribution within the study period. The obtained ozone concentration results from all sites were compared with the ozone data retrieved from Atmospheric Infrared Sounder (AIRS). The AIRS data was retrieved in the period of January until December of 2009. The average relative difference between ozone concentrations retrieved from SCIAMACHY and AIRS from each site between January and December was calculated using the following equation (Tan et al., 2012) :
The atmospheric ozone coupled with backward trajectory simulations from the hybrid single-particle Lagrangian integrated trajectory (HYSPLIT) model was useful for the analysis of air mass arrival at the study site. The HYSPLIT 4.9 Model (Draxler and Rolph, 2011) developed by the National Oceanic and Atmospheric Administration (NOAA) Air Resource Laboratory (ARL) was used to identify the source regions on the days in which transport was suspected. The trajectory ensemble model simulations on selected SWM and NEM instances were used to determine the origins of the air masses and pollutants arriving at the sampling site. The meteorological input for the trajectory model was derived from the National Centers for Environmental Prediction (NCEP) of the National Weather Service. The model was similarly derived from the Global Data Assimilation System (GDAS) dataset. The analysis was performed with the GDAS meteorological dataset at a starting time of 00:00 UTC. Total run time was set to 96 h. The backward trajectory results were thereafter compared with fire hotspot counts and satellite imagery acquired from the website of the Association of Southeast Asian Nations (ASEAN) Specialized Meteorological Centre (ASMC) (http://www.weather.gov.sg/wip/ web/ASMC). ASMC was designed to monitor and assess land and forest fires. Under ASMC, the occurrences of transboundary smoke haze affecting the ASEAN region were also assessed.
Results and Discussions
All data from January until December 2009 were compared with the ozone data retrieved from AIRS. This measure was under taken to compare the retrieved result of ozone concentration from SCIAMACHY. In total, 60 points were chosen from five sites. Thereafter, their relative differences were calculated based on Equation (1). The average relative difference of ozone concentra tions was calculated through SCIAMACHY-retrieved ozone value and AIRS-retrieved ozone value comparison. The resulting values comprised all 60 points. The relative difference average for the ozone data retrieved via SCIAMACHY and AIRS is approximately 6% (Table 2) . Variations between ozone values retrieved from SCIAMACHY and AIRS result from the instrument and ozone band satellite differences. With regard to SCIAMACHY, the WFM-DOAS algorithm was developed by the IUP of the University of Bremen, Germany. This algorithm retrieves the total column ozone from a nadir spectra. Furthermore, total ozone retrieval is possible between 325 and 335 nm at a spectral resolution of about 0.2 nm. By contrast, the AIRS infrared spectrometer acquired 2 378 spec tral samples at a resolution of / , ranging from 1 086 to 1 570. AIRS radiance data in the 9.6 m band were used in column ozone retrieval (Aumann et al., 2003) . Although relative difference exists between SCIAMACHY-and AIRS-retrieved values, the average difference is acceptable. When the ozone value measured by SCIAMACHY increased, the ozone value measured by AIRS also increased. The same pattern was true for inverse relations. According to previous studies, SCIAMACHY column ozone was retrieved with WFM-DOAS version 1. The resulting values were compared to global ozone monitoring experiment (GOME) WFM-DOAS for selected days in 2003 to check the optical performance of the implemented algorithm (Bracher et al., 2005) . The results revealed that the mean total ozone value of SCIAMACHY WFM-DOAS and GOME WFM-DOAS was within 1% (RMS±1 to 2.5%). The validation results of GOME WFM-DOESretrieved column ozone fit well with ground-based measurements. Therefore, the quality of SCIAMACHY WFM-DOAS column ozone must be similar. The ozone concentrations were highest during the summer monsoon or SWM for all selected sites. This peak was followed by the inter-monsoon season (April and October). We observed the lowest ozone concentrations during winter monsoon or NEM.
Ozone concentration has a positive relationship with tempera ture and wind speed. By contrast, an inverse relationship exists in relation to precipitation and relative humidity (Camalier et al., 2007; Tu et al., 2007; Shan et al., 2009) . Ozone showed the maximum value during SWM because most areas within Peninsular Malaysia experienced high temperatures. In addition, during this season, an increased number of sunny hours were evident. In May, temperatures reached the highest rates at 8.7 h/day. In most areas of Peninsular Malaysia, maximum rainfall occurs near the end of the year. Nevertheless, a second maximum rainfall occurs during the inter-monsoon months (April and October). The highest monthly rainfall occurs in December and the lowest monthly rainfall occurs in February (Varikoden et al., 2010) . During raining days, the tropical regions are covered with thick clouds that filter ultraviolet radiation. Therefore, less ozone formation takes place during rainy days (Ahmad and Yassen, 2005) . In 2004, the total column ozone exceeded 280 DU in Bayan Lepas and Kota Bharu. For Subang, the total column ozone reached a value of 280 DU. Ozone can be transported and propagated by the long distances traveled toward the monitoring stations. The transportation stems from the strong winds induced by the monsoon season (Pochanart et al., 2001) . A drastic increase in ozone values during SWM was recorded in 2004 and 2006. The increase emerged because of air pollution emissions from anthropogenic sources. These sources were derived from biogenic emissions caused by forest fires in Sumatra and Kalimantan, Indonesia. Figure 3 illustrates the monthly averaged total column ozone measured via SCIAMACHY for NEM during November to April 2009. The obtained results revealed a decrease in ozone concentration values over the whole study area during early NEM (November to December). This reduction resulted from the maximum rainfall on December alongside minimum temperature, maximum relative humidity, and minimum sunshine determinants Varikoden et al., 2010) . During March and April, the observed ozone concentrations increased in Peninsular Malaysia. This increase was caused by the lengthier sunny hours and higher temperatures.
Compared with the data in Figure 3 , ozone concentrations increased during early SWM (Figure 4 ). As such, increased values were caused by low rainfall, increased temperature, and lengthier sunny hours during this period. The northern region of Peninsular Malaysia was observed to exhibit higher ozone concentrations because of low rainfall that experiences relative to other regions (DOE, 2009) . The ozone values decreased beginning in August and ending in October. The decrease was associated with heavy rainfall. As such, the Intertropical Convergence Zone over the study area during late SWM (Ahmad and Yassen, 2005) influenced the decreased ozone concentrations. The origin of air quality in Peninsular Malaysia was analyzed using HYSPLIT backward trajectories. The case studies were divided into two categories, namely, during NEM and biomass burning period of SWM. Each HYSPLIT backward trajectory was calculated for 96 h with the GDAS meteorological dataset. A starting time of 00:00 UTC was set to simulate the multiple trajectories from the selected starting location. Figures 5a and 5b demonstrate the typical trajectories of the background air masses of Peninsular Malaysia for SWM and NEM, respectively. As the NEM prevails, cold air breaks out of Siberia and spreads to the equatorial region. The cold air manifests in the form of cold northeastern cold wind surges. These surges are at a low anticyclone level over Southeast Asia. Inversely, the air masses from the southwest contribute to long-range transport of air pollutants. As such, ozone results from the transport of pollutants by SWM winds. These winds are associated with biomass burning in Sumatra, Indonesia.
We used hotspot count charts obtained via the ASMC website to count the fire hotspots in Sumatra. The spots were derived from the NOAA-12 satellite. We were able to investigate the effect of biomass burning on the atmospheric ozone. The hotspot count charts showed a great number of Sumatran hotpots (Figure 6 ) over the July and August periods in 2009. Thus, air pollutants were transported from the biomass burning hotspots in Sumatra. These burning sites released large amounts of ozone precursors and led to an increase in ozone concentrations during SWM. 
Conclusion
In this study, we presented SCIAMACHY's monthly atmo spheric ozone observation data from January 2003 to December 2009 in Peninsular Malaysia. Analysis of the study area successfully identified both spatial and temporal variations in ozone emissions. The analysis of ozone concentrations above five selected sites within the study area showed the seasonal ozone concentration variations resulting from NEM and SWM fluctuations. The highest atmospheric ozone was observed during SWM. The large ozone concentration resulted from increased temperature and lengthier sunny hours. Furthermore, the effect of remote ozone precursor emissions and forest fires on ozone pollution enhanced the atmospheric ozone concentrations. Inversely, the lowest ozone concentrations were observed during NEM. In this case, low ozone concentrations resulted from the rainy season, lower tempera tures, lesser sunny hours, and relatively high humidity. Two selected periods, SWM and NEM, were investigated through backward trajectories in association with continental and maritime seasonal changes during the allotted period. As the NEM prevailed, cold air broke out of Siberia and spread to the equatorial region in the form of cold northeastern wind surges. These surges mani fested in low-level anticyclones over Southeast Asia. By contrast, the air masses from the southwest contributed to long-range air pollution. This pollution included atmospheric ozone transported during SWM. The pollutants were largely associated with biomass burning in Sumatra, Indonesia.
Comparisons were made between SCIAMACHY and AIRS ozone measurements in terms of percentage relative difference at the five locations sites from January to December 2009. The average relative difference was approximately 6%. Differences in the instruments and O 3 bands used in ozone data retrieval for SCIAMACHY and AIRS led to ozone value variations. The outcomes also stemmed from the different satellites used. However, the relative difference remained within the accepted range. The results of this study provide effective means of evaluation and can function as useful tools in terms of public health protection within the presence of high atmospheric ozone levels. We will focus on the relationship and influence of each meteorological parameter on atmospheric ozone in future studies. A study on the relationship between ozone precursors and atmospheric ozone can also be carried out. This endeavor will further investigate and analyze ozone formation and atmospheric chemical interactions.
